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THE EFFECT OF CIRCUMFERENTIAL DISTORTION ON FAN PERFORMANCE AT TWO LEVELS OF BLADE LOADINC 

by 

Molvln J, llorttJdnn, Chief! Fan and Compressor Branch, 
and N',lson L. Sanger, Research Engineer 
Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland; Ohio 44135 


SUMMARY 

Single stage fans designed for two levels of pressure ratio or blade loading (rotor tip D-factor of 
0,43 and 0.54) wore subjected to screen-induced circumferential distortions of 90~dcgrce extent. Both 
fan rotors were designed for a blade tip speed of 425 m/sec, blade solidity of 1.3 and a hub-to-tip 
radius ratio of 0.5. Circumferential measurements of total pressure, temperature, static pressure, and 
flow angle were obtained at the hub, mean and tip radii at five axial stations (three between the screen 
£3 and rotor and bahind rotor and stator blade rows), 
m 

Q? 

I*, Rotor loading level did not appear to have a significant influence on rotor response to distorted 

flow. Losses in overall pressure ratio due to distortion were most severe in the atator hub region of 
the more highly loaded stage, Ah the near stall operating condition tip and hub regions of (either) 
rotor demonstrated different response characteristics to the distorted flow, No effect of loading was 
apparent on interactions between rotor and upstream distorted flow fields. 
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Subscripts: 


diffusion factor 

incidence angle, angle between inlet air direction and a line tangent to tha blade auction 
surface at the leading edge, deg 

Mach number at rotor inlet, stator inlet, and peak, blade suction surface 
rotative speed, rpm 

o 

total pressure, N/cm 

pressure ratio; Pp/P^ (rotor), P^/Pj^ (stage) 

PR „ pb 

XoBa of surge pressure ratio, — 

PR undist 

static pressure, N/cm 2 
radius, cm 

total temperature, K 
tangential and axial velocity 

ratio of auction surface camber ahead of assumed shock location of a multiple circular arc 
blade section to that of a double circular arc blade section 

axial dlatance, cm 

adiabatic (temperature-rise) efficiency 
circumferential location, deg 
total loss eaef fi' fc-'it 


M.S. mid-span radial location 

-1,0, 1,2, 3 measuring station axial positions (Fig, 2) 

Superscripts: 

' relative, to blade 

average 
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1,0 INTRODUCTION 

One of the most difficult problems in [fluid mechanics is the analysis of flow through a fan or com- 
pressor having circumferential variations in inlet flow properties. Imposed on all the customary aero- 
dynamic complexities of turbomachinery flow, a circumferentially distorted inlet flow introduces a strong 
three-dimensional flow component which is seen as unsteady by the rotor (in the relative flow field) and 
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u Itrady by the stator. Theoretical model* are not sulllclantly developed to analyze such flow field*. 

Consequently! systematic experimental programs are currently necessary to provide Insight Into the 
aerodynamics and permit more distortion-tolerant designs to be evolved. Distortion nsssurements are 
taken as part of a general program of fen end compressor research conducted by the Fan and Compres. or 
Branch at the Lewis Research Canter. Attention la concentrated on "steady-stats” distortion patterns 
(the magnitude and nxtant are nonfluctuating with time) which are produced experimentally by wire mesh 
screens . 

Fan and cjmpressor designs Incorporating higher tip speeds and higher blade loadings have been re- 
quired to meet the needs of advanerd propulsion systems. The question arises as to whether these high 
performance tans and compressors are as tolsrant to distortion as earlier designs. In a previous Inves- 
tigation of two single rotors (no stator row) having different levels of loading (Ref. 1), the higher 
loaded rotor did not appear to Incur greater losses In performance under circumferentially distorted In- 
is t flow. However, the full question of the affect of circumferential distortion and loading lsval was 
left unresolved because no distinct stall point could be established, and because full stage tasting was 
not Included In the Investigation. 

In this paper the performance of two low hub-to-tlp radius ratio (0.5) transonic fan stages (single 
stage) with Inlet flow distorted by a 90-degree extent wire mesh screen are compared. Both were dsslgned 
for the same equivalent flow rate (29. 5 kg/sac) and tip speed (425 m/sec), but for different stage pres- 
sure ratios (1.57 and 1.75). Aerodynamic performance with undlstorted flow was presented In Refs. 2 
and 3, respectively. Detailed performance with circumferentially distorted flow was discussed In Ref. 4 
for the 1.57 pressure ratio stage. The objective of the study Is to evaluate the aerodynamic perform- 
ance, under circumferentially distorted Inlet conditions, of two fan stages having different loading 
lavalsi and to determine the reaeons for any perforsancs difference* which may be attributable to loading. 

In exploring these questions, pertinent design features of the blading In each stage will be pre- 
sented. Overall performance of each stage will be cosipared with each other and with performance under 
undlstorted Inlet conditions. Detailed flow measurements around the circumference at three radial posi- 
tions ware made between the distortion screim and the rotor Inlet, and are evaluated to determine the 
degree of Interaction between the rotor and the upetrean distorted flw field. Similar detailed flow 
measurements wire mad* at rotor and stator sxlt planes to determine the stage response to the Imposed dis- 
tortion. Detailed data are exsmlnad at the near stall condition for design speed. Overall performance 
with distortion la also presented for 70X of design speed. 


2.0 APPARATUS AND PROCEDURE 

The apparatus to be dlscusssd consists of the test facility. Instrumentation, and distortion 
screens. A description of these Items will be followed by a discussion of test and calculation pro- 
cedures. Finally, the design features of both tan stages will be presented and compared. 

2.1 Teat Facility 

The tests were conducted in the Lewis single-stage compressor facility. A sclum.it lc diagram of the 
facility la presented In Fig. 1 and a complete description In Kef. 5. Air enters the tystem through an 
Inlet on the roof, passes through a measuring orifice, and into the plenum. It then passes through the 
distortion screens, the test scage, and Into a collector from which It la exhausted to the atmosphere. 

Back pressure on the stage Is controlled by a slide valve located In the collector. All tests were con- 
ducted with atmospheric Inlet conditions. 

2.2 Instrumentation 

Compressor flow rste was icessured using s calibrated thln-plate orifice located In the Inlet piping 
as shown in Fig. 1. 

Radial surveys of the flow were made at five axial locations, three of which were upstream of the 

rotor. A schematic figure of the flow paths and survey locations Is shown In Fig. 2. The type of probe 

used to obtain the survey data Is shown In Fig. 3 and reported In Ref. 6. For these distortion tests, 
where It was thought desirable to obtain all measurements at the same location, static pressures were ob- 
tained by averaging the pressures measured from the taps on the two sides of the 60 degree wedge and 
utilizing calibration curves relating these readings with true static pressures. Accuracy is not as high 
ox could be obtained through use of the conventional small angle static wedge. However, emphasis In 
Interpretation la placed on ch inge* which occur between undlstorted flow and distorted flow, or on changes 
between two different distorted flow conditions, rather than on direct comparisons of absolute values of 
any single parameter. 

All pressures were transmitted through a Scanlvalve System and measured by calibrated transducers. 

2.3 Distortion Screens 

The distortion screen assembly used In the Investigation was located 36.25 cm upstream of the rotor 
hub leading edge. The assembly was rotated to twelve circumferential positions to obtain the distortion 
patterns measured by a single survey probe. 

A 20 « 20 wire mesh (20 wires per l In. or 2.54 cm) was used. Wire diameter was 0.051 cm, result- 
ing It. a 36 percent open are*. A 90 degree .'.omlnal circumferential distortion extent was chosen for gen- 
eral research testing because this is generally of sufficient width to effect performance, and la repre- 
sentative of actual flight application extents. The distortion screen wss secured to s backup screen 
having a 1.9 « 1.9 cm clear opening and a 0.27 cm wire diameter. The screen was sized to produce s 
90-degree distortion at rotor inlet and, due to Interaction effects between rotor and upstream flow, this 
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resulted In a screen having extents of 85 degrees at the outer radius and 135 degrees at the Inner radius. 
A photograph of the assembly Is shown In Fig. 6. 

Rotor rotational speed wob measured by an electric spaad counter which sensed pulses from a magnetic 
pickup. 

A further discussion of the instrumentation may be found in Ref, A. 

2.4 Test Vroceduro 

With only the backup screen in place (reference undlstortcd inlet flow condition) radial surveys 
were taken for both stages over a go of weightflows from ranximum flow to the near stall condition at 

70 and 100 percent of design speed. At 60, 80, and 90 percent of design speed surveys wora taken only nt 

the near stall weight flow. Data wore recorded at 11 radial positions for each operating condition. 

At each speed the back pressure, with on- without distortion, wns increased by closing tbo outlet 
valve until a stalled condition was obtained. Stalled or surge conditions wore indicated by a sudden drop 
in stage outlet pressure (measured by s, mid-passage monitoring probe and recorded on on }j-Y plotter) , by 
lorgc increases in measured blade strOics on both rotor and statar, and by a sudden increase in audible 
noise level. Radial survey data were taken at a weight flow as close to actual stall as practical. In 
general, thiB was within 0.5 kg/sec of the actual stall v, eight flow. 

For the circumferential distorts t teBts on both stages radial survey data were taken only at 106' and 
70 percent of doaign spued. At 100 percent speed, data were taken over a range of weightflows from near 
stall to maximum weight flow; at 70 percent speed, data were taken nt near stall for both Btsges and tfjso 
at midflow for the lower pressure ratio stage. Survey data were recorded at three redial positions! 10, 

45, and 90 percent span from the tip. A radial survoy was taken at each of the twelve screen positions. 

2.3 Calculation Procedure 

All data presented in this report have been adjusted to standard conditions (total pressure of 
10.13 N/cm 2 and total temperature of 288 K) at the rotor inlet (station 1). The term equivalent when 
applied to weight flow or speed refo-.j to corrected values of these parameters. The calculation procedure 
used for undistorced tests with backup screen in place (designated BUS) is tha same as used for conven- 
tional clean inlet tests and is given in Ref, 2. The following discussion applies to the calculation pro- 
cedure used far circumferential distortion data. 

Measured total temperature, total pressure, and static pressure were corrected for Mach number and 
atroamline slope according to the procedure given in Ref, 4. Before adjustment to standard conditions 
circumferential distortion data is mass-averaged circumferentially and radially. No blade element per- 
formance parameters were calculated because of the asymmetric nature of tile flow, which, in the rotor 
relative flow plane, is unsteady. For the same reasons tha data were not translated from the measuring 
station to blade edge planes. 

To obtain overall total temperature and pressure ratios, the twelve circumferential values wora mass- 
averaged at each radial position, and the three radial values were then mass -averaged. Integrated weight 
flow was computed at each station based on radial survey data. 

For axiBymmetric inlet flow, ns reported in Ref, 2, eleven radial positions are measured kid used in 
tha averaging process. However, to permit direct comparison of backup screen dote and circur ,i;rcr.tial 
distortion data, only the three radial positions corresponding to those taken for distorted view will be 
used in the averaging process for BUS data. 

2.6 Single Stage Fans 

2.6.1 General Description 

A comparison of the pertinent design features of each single stage fan is presented in Table I. The 
Btage designed for a pressure ratio of 1,57 is designated Stage 11-4 (rotor 11, stator 4) and the higher 
pressure ratio stage is designated Stage 3,4-10. It should be noted that both stages were designed for the 
same flow rate, rotor tip speed (same nominal rotor tip radius of 25.4 cm), and same rotor and stator tip 
solidities. Because Stage 14-10 was designed to produce a higher pressure ratio at the same rotor tip 
speed, D factors are higher (measure of blade loading). Flow paths also differ, principally in the stator 
hub region (Fig. 2). Rotor and stator blade shapes were multiplo-circular-orcs (MCA) for both stages. 

Each rotor had vibration dampers. They were located at about 48 percent span from the rotor outlet tip on 
rotor 11 and 50 percent on rotor 14. 

2. 6>5 Aerodynamic Design 

Tabular listings of design blade element parameters and blade geometry ore presented for each stage 
in Refs. 2 and 3. Radial distributions of geometry snd aerodynamic parameters salectod for comparison 
herein are those which are pertinent to the subsequent discussion of aerodynamic performance with distor- 
tion. 


Design distributions of total pressure ratio, D-faitor and total loss coefficient for each rotor are 
compared in Fig. 5. Both rotors were designed for radially constnn!; distributions of total pressure. 
Distributions of D-factor arc similar for both rotors, d.f.ering only in magnitude and reflecting the 
difference in design pressure ratio. Loss distributions are quite similar in distribution and magnitude 
for both rotors. The high levels of loss in the tip region reflect both the end wall boundary layer con- 
tribution and the shock, losses (relative Mach number ' th* ‘iTi is 1,4 for both rotors). 

Two related stator blade geometry parameters are compa-ett -n Fig. 6(n), X-factnr and throat area 
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ratio. X- tailor la defined aa the ratio ol auction aurlaca camber ahead of tha aaetmed ah.uk location for 
the NLA aactlon to that ol a duubla circular arc aactlon. Thta parameter waa Increased almost llnaarly 
fro* aid. pan to tha huh for atator 10, In order to pravant tha throat araa ratio at thoaa blada aactlona 
froa dacraaalng to a level which would cauaa tha hub region to choka. Bacauaa of tha higher fluid turning 
nacaaaary In Stage 14*10 tha D-fectur lavala ara hlghar (fig. b(b-l)) aa ara Inlat Mach numbers 
(rig. b(b-2)), Tha hlgtiar Inlat Mach nuahara and hlghar front turning (X-fector) In tha hub raglon laada 
to hlghar paak auction aurfaca Mach nuabara (rig. b(b-}>) In that raglon. And bacauaa of tha hlghar Harh 
nuahara and D-factor, Stator 10 loaa lavala ara graatar than ktator 4 loaaaa at all radial poaltlona 

(rig. 6(b-4)). 


1.0 RESULTS AND DISCUSSION 

I I '■ 

Tha affact of clrcuafarant lal dlatortlon on tha parfornanca of two fan atagaa In which aerodynamic 
loading (praaaura ratio) la tha prlaary variant will ba proaantod In thi-e aactlona 

(1) Overall rotor and ataga performan. a 

(2) Rotor-upatraaa (low Intaractlona 

(1) Clrcuaferentlal flow dlatrlbutlona 

Tha magnitude of Inlat flow dlatortlon, (F_, s * l ’mln ) ^max • •* Oaalgn epaad , near atall condition waa 
0.12 at the aaan radlua, and waa about one-third thla magnitude at 70 percent of deatgn apaed. 

1.1 Overall Rotor and Stage Performance 

Overall parfornanca aapa for rot r and atagr parfornanca ara prevented In 71g. 7 for Stage 11-4 and 
In rig. S for Stage 14-10. Efficiency and praaaura ratio ara plotted aa a function of vnight flow for 
parfornanca with undlatortad flow (BUS) and circumferentially distorted Inlat flow. 

Operation with clrcuaf erentlally dlatortad flow reaultvd in lower rotor and ataga praaaura ratio 
o/ar tha entire operating range at daalgn apaed for each fan ataga. Tha difference between BUS and cir- 
c inferential dlatortlon daalgn apaed llnaa lor tha lull stage 11-4 la alight ly laaa than thw diffaranca 
fir tha rotor (11), which Indicator that loeaaa through atator 4 ware probably allghtly laaa with dlator- 
I on than without. Tha oppoalta la true for Stage 14-10. Loaaaa through atator 10 ara algr If Icantly 
h ghor with dlatortad flow than without. Alao, dlfferencea In rotor parfornanca iron BUS lavala ara laaa 
f r rotor 14 than for rotor 11. 

At 70 percent of daalgn apaed there la little difference between BUS and dlatortad flow apaed llnaa 
fo rotor 11 and Stage 11-4. But even though rotor 14 ahowa tha aaae negligible affact of dlatortlon at 
70 orcent apaed, the ataga ahowa a lower praaaure ratio with dlatortlon, Indicating higher atator loaaaa 
at lie apaed alao. 

loth atagaa auffervd a alight dacrvaae In maalmum flow attained with dlatortlon at daalgn ape.d. No 
part, ilar conclualon ahould ba drawn from the efficiencies becauae of the difficulty aaaoclated with 
ma.a - oraglng dlatortad Inlet and outlet flowa (with only throe radial poaltlona repreeented) , and tha 
aanalt lty of efff iency to aaall changca in value of alther temperature ratio or praaaure ratio. 

Thi -hange In atall praaaure ratio fioa BUS to circumferentially dlatortad flow Indicated on the fig- 
urea la merited In Table II. The praaaure ratio at near atall for BUS and c Ircuaf ervnt lal ly dlatortad 

flow la p tented and tha loaa of atall praaaure ratio aa a proportion of tha undlatortad near atall prea- 

aure ratio • given aa APRS (aaa definition In SYMBOLS aactlon). "Praaaura ratio at near atall" rvfara 
to tha praa re ratio taeaaured whan atagr atall occurred. The loaa In atall praaaure ratio dua to dlator- 
tlon In Stag 11-4 la auatalned principally by the rotor at daalgn apaed. No further degradation due to 

dlatortlon (a aured by APRS) occura In the atator. At 70 percent of daalgn apaed atall praaaure ratio 

la eeeentiall) inaffacted by clrcuaferentla . dlatortlon. Stage 14-10 dleplaya a different reeponae. At 
daalgn epeed a percent loaa In atall praaaure ratio occura In tha rotor and thla loaa la more than 
doubled through the atator. At 70 percent of daalgn apaed tha rotor ahowa no loaa In atall praaaure 
ratio, but the atage (and therefore, tha atator) doaa. 

A direct coaparleon of preaaure ratio varaua weight flow performance curvea for both atagaa la ahown 
In Fig. 9. The large loaa In praaaura ratio In atator 10 la evident. 

In euamary, for tha two atagaa under conalderat Ion , the rotor reaponaa to a 90 degree clrcuaferentlal 
dlatortlon allowed allghtly lea « loaa In overall praaaure ratio with higher loading. However, lncreaaed 
loading had a deleterloua effect on atage performance. The principal portion of tha loaa in overall atagr 
performance waa auatalned by the highly loaded atator. 

3.2 Rotor - Upatraaa Flow Intaractlon 

Clrcuaferentlal dlatrlbutlona of total preaaure, atatlc preaaure, and axial velocity at the mldepan 
radial poaltlon (near atall, dealgn apaed) obtained with c Ircuaf arent tally dlatortad Inlet flow to the 
higher loaded atage (14-10) ara ahown In Fig. 10. Heaaurementa were taken at three axial locatlone be- 
tween acreen and rotor. The mld-epan distributions of these paraaetera are considered representative 
since no notable dlfferencea occurred In the spanulsc direction. The trends and magnitude are similar to 
thoaa reported In Ref. 4 for Stage 11-4, and those dlatrlbutlona will not be repeated hers. 

Fig. 10(a) Indicates that no significant change In total preaaure distribution occura in tha raglon 
between screen and rotor Inlet. But there la attenuation of the initial axial velocity distortion 
(Fig. 10(c)) aa the flow approaches the rotor Inlet, and magnification of an Initially small dlatortlon in 
static preaaure (Fig. 10(b)). 
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Although there uera no nd table variations from hub to tip In the foregoing parameters, the absolute 
tangential velocity dll show ronslderable variation* Fig. 11 compares the tangential velocities obtained 
for the two stages (Stage 11-4 being taken from Kef* 4). As the flow approaches tha rotor, tangential 
velocity components are induced in the corotating (+) and counter-rotating (-) directions* The Induced 
components are much stronger in the hub region* 

A comparison of the distributions for Stage 11-4 (from Ref. 4) and those for Stage 14-10 revealed no 
significant differences in tha distributions nor In the magnitude of the effects. Rotor blade loading 
docs not, therefore, appoar to be a significant factor influoncing the Interaction of the rotor with tha 
upatraam distorted flaw field. 

3,3 Circumferential Flow Distributions 

Conventional compressor data analysis is established on the premise of steady, nxlsymmatric inlet and 
exit flow conditiona. Whan the inlet flow is circumferentially distorted some important compressor param- 
eters cannot bo accurately calculated bccauso: 

(1) Tha rotor relative flow field is unsteady, and 

(2) Matching an exit condition to its corresponding condition is uncertain. 

Blade element parameters such as diffusion factor, loss coefficient, meridional velocity ratio, and effi- 
ciency ate therefore not available and, because of the unsteady relative flow field, probably not appli- 
cable. Data analysis Is consequently directed toward behavior of selected parameters measured or calcu- 
lated at each axial Btation, rather than between two stations. 

In the intercat of brevity only the near stall operating condition at design speed will be discussed 
for each stage, It should bo noted that the flow mechanisms operative at near stall, design speed, are 
not necessarily representative of flow machanisms at other flow and spaed conditions, However, because of 
the importance of the stall condition in limiting the operating range of the fan, It is of great interest 
to investigate flow condition* at near stall with distorted inlet flow, 

3,3.1 Rotor Response 

Rotor incidence angle distribution is influenced by the induced tangential velocity distribution, the 
distortion in axial velocity upstream and by blade speed components. For both rtf /ts (Fig. 12) the inci- 
dence angle neap the hub (902 span from tip) showed the greatest excursion, This can be compared to the 
incidence angle measured with the backun screen (BUS), and denoted by the solid symbols. 

The circumferential distribution of energy addition to the air by tha rotor is indicated by the rotor 
outlet tfltol temperature shown in Fig, 13, (Because inlet temperature 1 b circumferentially constant, exit 
temperature distribution is representative of temperature rliiu or temperature ratio.) Hie outlet tempera- 
ture ir highest in the tip region at the near stall operating condition and shows a greater excursion in 
the distorted Sector above undistorted sector levels than shewn at other radial positions. This occurs 
because the changes in axial velocity cause relatively larger changes in outlet ttu'utlnl velocity (snd 
therefore energy addition) in the tip region. The rotor tip energy addition is ■..:rn *„oponsive even 
though circumferential variation of incidence angle is relatively small. 

It is of interest to note that the total pressure distribution behind the rotwi* shown in Fig. 14 
follows the general trend of energy addition (total temperature , Fig. 13) as the blading enters the dis- 
torted sector (O » 135°). (Note that exit total pressure distribution is not necessarily proportional to 
pressure rise or loading because the inlet total pressure distribution is not circumferentially constant.) 
The total preaaure increases as the temperature increases and as the temperature exceeds the uniform inlet 
stall condition (BUS). Beyond this point the total temperature behind the rotor tip region continues to 
increase while pressure decreases. These distributions seem to Indicate that the blade surface bound try 
layer has separated and local blade stall may have occurred. This appears to be a local dynamic phenomenon 
because overall atage stall was net noted. After the rotor passas through the distorted sector the total 
pressure Increases, Indicating stall recovery, i.c., boundary layer roattachmcnt. 

The response of the rotor tip region most clearly demonstrates the unsteady airfoil response charac- 
teristics reported in Ref. 7. In the reference experiment a single airfoil oscillated in free stream 
flow demonstrated that unsteady normal force coefficients (and angle of attack) exceeded steady state 
limits before airfoil stall was observed. Similar mechanisms apparently ere involved in the rotor blading 
but are further complicated by the variation of flow parameters and geometry along the blade span, and by 
interaction with wall boundary layara. 

Rotors 11 and 14 show similar hub section response to the distortion, but the response differs from 
that shown by the tip regions. Just inside the screened region at 8 « 150° exit total pressure fell be- 
low undistortud levels (Fig. 14c), This is consistent with the corotating induced absolute tangential ve- 
locity (Fig. 11 at 0 • 130°), which is also reflected in the total temperature distribution as a dccreni e 
in energy addition (Fig, 13). The cause of the decrease in total pressure between 0 ■ 175° end 190° is not 
clear. If it is a locei boundary layer stall, ns observed in the tip region, then it is difficult to ex- 
plain the continuing licreaso in total pressure to 0 ■ 240°, However, the high level of total pressure 
recorded at 0 ■ 240° is consistent with the high counter-rotating absolute tangential velocities 
(Fig. 11) and high level of energy addition (Fig. 13). 

The net effect of the rotor hub response is an amplification Of the distortion magnitude. The tip 
region effectively attenuates the distortion. 

A comparison of BUD values end lcvelB of total caraperature with distortion (Fig, 13) shows that lesn 
energy was added by the tip and mean regions of the rotor in the undistorted sector than was added in the 
BUS tests. (A perfect comparison cannot be made because neor stall weight flows for BUS and distortion 
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tout# dlffetf slightly, but for purpose* of dlscuselon those dlfforenceo Will be Ignored heroin.) For the 
circumferential distortion case, redistribution of flow inust occur due to tho presence of the screen. For 
the same flow rate for DUS end distorted flow, tho unscreened portion of the annulus must pass flow at 
higher axial velocity than the corresponding DUS luvol, The increased axial velocity at rotor exit acts 
to reduce absolute tangential valocity and thoraforc, energy addition. In fact, tho experimental results 
(Fig. 15) Bhowod on axial velocity acceleration through tho rotor in this caao. Tho additional increase 
in axial velocity, above the amount attributable to screen blockage redistribution, is due to continuity 
requirements. Because energy addition is lower in the unscreened Bector, exit pressure is lower, and con- 
sequently density is lower. To maintain fcho required flow at lower density, axial velocity oust increase. 

The circumferential and radial distributions of parameters are translated into overall performance 
by a mass-averaging process, Since axial velocity is greater than overage in the undlstortcd sector, this 
sector is weighted more heavily In calculating overall performance, and It Is in tills sector that energy 
addition and exit total pressure aro lower than DUS levels. Therefore, if increased losses are not sus- 
tained, it can be expacted that lower overall performance will be realized from circumferentially dis- 
torted flow simply because of flow redistributions associated with continuity and radial equilibrium re- 
quirements. An examination of rotor oxlt pressure and temperature distributions (FigB. 13 and 14) does 
not indicate that losses increased in the undlstortcd sector, but only cbnt energy addition was lower. 

3,3.2 Stator Ferformnr.co 

The passage o£ the rotor through the distorted sector results in on unsteady flow through the rotor 
passage. The stator, however, operates with a steady, but spatially distorted flew. Some stator blades 
always operate in the distorted sector while others always operate in tho undlstortcd sector. As in the 
rotor, radial equilibrium must be satisfied and, in addition, static pressure must be circumferentially 
constant at some point downBtream of the stator In the annulUB or plenum, 

A representation of stator Iobscs can bo obtained from Fig. 16 which shows total pressure distribu- 
tions at stator inlet and exit stations for onch blade clement. The diacanco between the curves repre- 
sents losses, Solid symbols mark the BUS test values at near stall. 

Differences In losses are evident between stators 4 and 10 and necount for the differences in stage 
overall pressure ratio previously noted. Stator 4 shows Iosbcb in the undlBtortcd Doctor at all radial 
positions to be comparable to losses with BUS. But in the distorted sector (where incidence angles are 
greater than BUS values) the losses arc higher, This implies a viscous loss due to greater boundary layer 
growth. Distributions for stator 10, tho higher loaded stator, are not so clenr cut. Tip and mean radial 
positions show higher losses ovar a small portion of the distorted sector. At the hub, however, large 
losseB are Indicated in the undistorted sector between 6 " 240° and 360°, The probable source of these 
losses is the higher thm BUS levels of stator hub inlet Hath number (as high as 0.85) indicated in 
Fig. 17. It was discussed earlier, and shown in Fig. 6, that because of attempts to prevent stator hub 
choking the throat area ratio and X-f actor (front turning) were increased, This led to large suction sur- 
face Mach numbers (1,4) which, in turn, probably lends to high shock losses. This 1 b believed to be the 
major source of the rverall stator performance loss. 

Tho other lJ/icly source of stator performance decrements, and also a probable cause of total flow 
breakdown in the stage, is the increase in viscous loss due to off-design operation at high incidence. 

This is illustrated in Fig. 18. Plotted in the figure for the tip, mean, and hub sections of stators 4 
and 10 are the total loss coefficients calculated from measured data for the BUS testa. It is evident at 
once that, except for the mean section, stator 4 performed at design levels near zero Incidence (design in- 
cidence), but that stator 10 sustained higher than design losses at tip and hub sections, and hub section 
losses were particularly high. Plotted above each figure is a line for each stator uhich represents the 
range of stator incidence angles, from minimum to maximum, for circumferentially distorted flow (see sketch 
on the figure for definitions). A circle on each line represents the average value that blades In the un- 
distorted, sector experience. The cross-hatched length is the range of incidence angles which a 90 degree 
sector of the Btator experiences (corresponding roughly to the distorted sector). It Is clear that in alt 
blade regions incidence a'igle over much of the distorted sector exceeded the Incidence angle which corre- 
sponds to stall conditions for BUS tests, because loss increases with incidence and because the level of 
Iobb Is already very high in the stator 10 hub , conditions in the stator hub were conducive to a locally 
stalled flow. 


4.0 CONCLUDING REMARKS 

Two transonic fan stages having different design pressure ratios were tested with a 90-degree circum- 
ferential distortion imposed on tho inlet flow. Bath fan rotors had nominal tip diameters of 50.8 cm, de- 
sign tip speeds of 425 m/s ec, design equivalent weight flows of 29.5 kg/sec, and hub-to-tip radius ratios 
of 0.5. 

The lower loaded stage (designated Stage 11-4) was designed for a stage overall pressure ratio of 1.57 
and the stage designated 14-10 was designed for a 1.75 pressure ratio. Circumferential distortion data 
were obtained 100 and 70 percent of design speed. At design speed the magnitude of distortion (defined 
by a (P max - Pmln)/ p mox parameter evaluated at raid span) was 0.1Z and at 70 percent of design speed the 
magnitude was between 0.04 and 0,045. Overall performance was obtained and detailed flow parameters were 
measured at three radial positions at several axially located measuring stations. Performance with cir- 
cumferential distortion for each stage was compared; and distortion performance Cor each stage was also 
compared to performance measured with only the support screen in place (undlatorted flow). 

At design speed, both rototB 14 and 11 showad losses l>> overall pressure ratio due to distortion. 
However, the higher loaded rotor (14) showed a slightly lower Iosb. Conversely, comparing complute stage 
performance, the higher loaded stage sustained the greatest loss in overall pressure ratio at detign speed, 
which indicates the stator aB source of the performance loss. Due to the small magnitude of the distortion 
at 70 percent of design speed (near stall) , no significant loss in overall pressure ratio was recorded ex- 
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copt through stator 10. 

The principal difference in response to a circumferential distortion between tlio two stages was 
attributable to differences in stator flow. Because inlet flow to the stator la spatially distorted, the 
loss in performance was due to a steady state phenomenon. Circumferential flow redistribution! due to the 
presence of the screen, produced higher flow and axial velocity through the undistorted sector, raising 
inlet and blade suction surface Mach numbers in the stator hub region, Thla produced greater shock, losses 
In stator 10 than wore sustained in distortion-free tests, 

tills experience points up the need for attention to the selection of ttator blade profiles in the de- 
sign process. Increased stage loading dooo lost, to high stator hub Mach numbers and circumferentially 
distorted fjpw also leads to higher Mach numbers in tho undiatortad sector as a result of flow redistribu- 
tion. Thuli, as stage loading inercasos, the stator hub roglon is susceptible to increased shock losses 
when operating In circumferentially distorted flow, ,f care is taken to design highly loaded stators by 
incorporating blade shapes with higher critical Mach jumbors, loos looa in performance and graatar operat- 
ing range with distortion may result. 

Overall pressure ratio was also lower than DUS levels in both rotors, but 1 b not necessarily attrib- 
utable to d'.Aamic effects. In each rotor lass energy was added by the upper half of tlia blade in tho un- 
dlstorted sector of flow than was achieved in BUS teats. The lower energy addition and realised prcBsura 
ratio appears to be a direct result of flow redistributions of the circumferentially distorted flow dic- 
tated b« continuity requirements, Tha decrement in rotor performance between undlatorted flow teBts and 
circumferential distortion tests appears to bo due principally to lower energy addition and not to in- 
creased losses. 

At near stall conditions the (unsteady) response of tho rotor blading to a circumferential distortion 
differed across the span. In the tip region, as the blading passed circumferentially through tho dis- 
torted soctar, an increasing amount of energy was added to tha air due to Increasing incidence angle and 
decreasing axial velocity. Total pressura also increased in similar fashion through part of the distorted 
sector, but then decreased as losses, believed to be associated with suction surface boundary layer sepa- 
ration, increased. After passing through tho distorted sector, total temparotura and pressure readjusted 
to undistorted sector levels. In tho hub region the total pressure allowed a olnilar, but mild, pattern of 
increase and decrease, but then increased to greater than undistorted levels. Tho net effect of the re- 
sponse characteristics of different sections of the rotor at near stall was that the tip region attenuated 
the magnitude of total pressure distortion while the hub region amplified it. Both rotors demonstrated 
the same typo of span-wise behavior. 

Interaction between the rotor and the upstream distorted flow field was recorded for both stages. 

The distortion in total pressure remained unchanged ns tho flow approached the rotor while the distortion 
In axial velocity was attenuated, a distortion in static pressure was amplified, and tangential velocity 
components were induced (differing radially in magnitude). No influence of loading level on the strength 
of interaction was noted, 
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TABLE I. - DESIGN PARA. iTERS FOR STAGES 11-4 AND 14-10 



Stage 

Stage 


11-4 

14-10 

Rotor proa sura ratio 

1.60 

1.80 

Stage proa aura ratio 

1.57 

1.75 

Rotor temperature ratio 

1.16 

1.21 

Staga temperature ratio 

1.16 

1.21 

Equivalent flow rata, kg/soc 

29. 4B 

29.48 

Rotor tip speed, m/scc 

425 

423 

Diffusion factor, rotor tip 

0,43 

0.54 

Diffusion factor, stator hub 

0.43 

0.54 

Solidity, rotor tip 
Solidity, stator tip 

1.30 

1.30 

1.27 

1.30 

Aspect ratio, rotor 

2.5 

2.4 

Aapect ratio, stator 

2.4 

2.0 

Rotor tip radius at inlet, cm 

25.20 

25.03 


TABLE XT, - SUttlART OF EFFECT OF CIRCUMFERENTIAL DISTORTION ON STALL 
PRESSURE RATIO FOR STAGES 11-4 AND 14-10 


fj 


Rotor 


Stage 





Stsgo 11-4 

Stsgo 14-10 




100X N 

70S! M 

100* » 

70* J 

PR at 

neet 

stall, BUS 

1.70 

1.29 

1.87 

1.36 

PR nt 

near 

stall, circumfarentially distorted 

1.60 

1.29 

1.81 

1.37 

APRS 



.06 

0 

.03 

-.01 

PR at 

near 

stall, BUS 

1.64 

1,26 

1.77 

1.32 

PR at 

naar 

stall, circumferentially distorted 

1.56 

1.27 

1.64 

1.28 

APkS 



.05 

-.01 

.07 

.03 
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FLOW PATH COORDINATES 


AXIAL DISTANCE 
Z,cm 

RADIUS 

r.cm 

INNER 

OUTER 

-35.560 

7 302 

25.400 

-30.480 

7. 302 



-25 400 

7.493 



a -22. 860 

7. 874 



-20. 320 

& 255 



-15. 240 

9. 144 



-12. 700 

9.589 



a - 10. 480 

10.050 



-10. 160 

10. 096 



-7. 620 

ia 515 



-5.080 

11 049 



a -2. 540 

11.747 

i 


0 

1Z 668 

25. 336 

4.064 

13. 970 

24 638 

a 5. 080 

14. 336 

24.460 

7. 620 

14. 732 

24. 384 

la 973 

15. 240 



a 12. 700 





15. 240 





17. 780 





2a 320 






Measuring station. 


FLOW PAT.i COORDINATES 


AXIAL DISTANCE. 
Z. cm 

RADIUS 

r.cm 

INNER 

OUTER 

-30 480 


25.400 

-25.400 

7.493 



a -2Z 860 

7 874 



-?n 320 

8.255 



-15 240 

9. 144 



a -ltt 480 




-10 160 








a -Z 540 

11.659 



0 

12.668 

25.273 

4.572 

14.605 

24 5)1 


15. 240 

?4 397 

7. 620 

15.748 

24 384 

11. 176 




a 13. 462 





15.240 





20 320 






Measuring station. 



AXIAL DISTANCE (REFERENCED FROM ROTOR-BLADE- 
HUB LEADING EDGE) Z. (cm) 

Figure Z - Flow path schematic for stages 11-4 and 
14-10. 
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Figure 8. - Stage 14-10 overall performance, distorted and undistorted in- 
let flow. 




Figure 9. - Comparison of overall pressure ratios for 
stages 14-10 and 11-4. 100 Percent design speed. 
Distorted and undistorted inlet flow. 









CIRCUMFERENTIAL DISTORTION, 0, DEG 
(a- 2 ) 90% SPAN FROM TIP. 

(a) STAGE 11-4. 

Figure 11. - Circumferential distributions of absolute tangential velocity between 
screen and rotor. Near stall. Design speed. 
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(b) STAGE 14-10. 

Figure 11. - Concluded. 
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(a) STAGE 11-4. 
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(b) STAGE 14-10. 

Figure 12. - Circumferential distributions of rotor incidence angle for 
stages 11-4 and 14-10. Near stall. 100% design speed. 
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Figure 14. - Comparison of circumferential distributions of total pressure at ro- 
tor inlet, exit, and stator exist for stages 11-4 and 14-10, Near stall condition 
Design speed. 
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(c) 90% SPAN FROM TIP. 

Figure 15. - Circumferential distributions of axial velocity at rotor inlet and exit. 
Stage 14-10. Near stall. Design speed. 
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(a) STAGE 11-4. 

Figure 16. - Circumferential distributions of total pressure at stator inlet and 
exit. Near stall. Design speed. 
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Figure 18, - Stator loss coefficient variation with incidence angle at three ra- 
dial positions. 
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